Ra activities after the rupture. We also evaluated the annual effective dose equivalent to the local population and the radiological risk index, both internally and externally.
INTRODUCTION
Estuaries are water bodies of prime importance to biodiversity, due to their high content of nutrients and organic matter, being the natural habitat of several species of birds, mammals, crustaceans, chelonians and fish. Therefore they are places of value for commerce, recreation and migratory bird routes [1; 2] . Due to fast-growing populations in coastal cities, these environments are under great pressure because, among various activities, they are used for access to the interior of the continent, for urban mobility and for sand extraction -if they are not protected by federal laws.
The Doce River basin is an important hydrological system in southeast Brazil with a drainage area of 83,400 km² that includes a total of 222 districts. Parts of the mining activities of Samarco The intense flow of tailings in the Doce River in the days that followed the dam rupture exposed not only the minerals that once existed inside the dam (predominantly Si, Fe and Mn), but also heavy metals (As, Cu and Cd) from agriculture and industry, land use and small-scale milling activities that for decades were dumped into the river substrata [3] . It is known that the northern region of the State of Rio de Janeiro, Espírito Santo State and the northeastern coast present anomalies of the mineral monazite, phosphate-containing metals and rare earths -an important source of thorium, lanthanum and cerium [4] . Their regional occurrence involves the presence of thorium in significant concentrations. Early low-scale monazite mining does not have a fully described history of tailings discharge and probably has taken part in effluent flow into the Doce River. Naturally occurring radionuclide materials are mentioned in the literature as NORM. These, when in high concentrations, expose humans to the risk of ionizing radiation effects [5] .
The present study aims to carry out a prospective analysis on the presence of NORM in sediment samples of the Doce River estuary before and after the arrival of sediments containing mining tailings, and to estimate the risk exposure of the population, from the determination of 
MATERIALS AND METHODS

Study area
The study area comprises the estuary of the Doce River and is located around the coordinates 19°37'S and 039°48'W. According to Koppen classification, the local climate is of type "Aw" -referring to hot and humid summer and dry winter. The Doce River delta is characterized by sandy and clay soils, as well as sediments including Cenozoic carbonaceous material existing in alluvial terraces dated from the Tertiary and Quaternary. Maximum precipitation occurs in December/January with a mean value of 244.4 mm and the minimum is in July with a mean value of 50.3 mm [6] .
Sampling and Preparation of Samples
The collection of sediments was carried out manually, using rubber gloves, and with the use of decontaminated plastic utensils. The samples were placed in zip bags and identified. The sites on the Doce River were accessed by a motor boat. The collections were taken with water at a depth of approximately one (1) meter. After removing small fragments of gravel, the samples were dehydrated at 60° C in an oven for 24 hours, in disposable plastic petri dishes. No sieving procedure was applied to the sediments. After integration, samples were homogenized and placed in bottles of standard geometry for high resolution gamma spectrometry analysis in the low activity laboratory at the Metrology National Laboratory of Ionizing Radiation (LNMRI/IRD). The sediments and suspended materials in surface waters are often heterogeneous due to changes in small-scale hydrological regime and geo-morphological changes in the watershed. This variability can be minimized through the taking of a larger number of subsamples. The integration of subsamples was done because of these factors: (1) for better homogenization and (2) to fit the measurement standardization.
From a total of eleven (11) samples collected before and 11 collected after the rupture of the Fundão dam (before and after at same sites), five (5) representative subsamples with greater mass were blended to compose a single sample providing the a priori condition (as well as the "after" condition) -each one with 409 g. For the gamma analysis method, sieve-dried samples were placed in plastic bottles of cylindrical shape with a diameter of 5.5 cm and a height of 10.0 cm [7] . Table 1 shows the geographical location of the sampling sites at the estuary. For each point presented here, sediment samples were collected during "before" condition on September 9th, 2014, and "after" on November 27th, 2015. Figure 2C ). 
Gamma-ray Spectrometry Analysis
High-resolution gamma spectrometry is a highly accurate method for measuring the concentration of natural and anthropogenic radionuclides in the environment in general. The multielementary character and non-destructive gamma spectrometry characteristic makes it very useful in most environmental studies and, when required, rapid responses and wide spatial coverages [8] . In this study, the activity concentrations of 228 Ra, 226 Ra and 40 K were investigated. In order to reach the radioactive equilibrium between 226 Ra and its decay products, samples were hermetically closed and stored for more than 30 days.
The measuring system was provided by CANBERRA and was composed of a hyper-pure germanium detector (HPGe) model GX4020 with a beryllium window, equipped with a pre- was used. Table 2 shows the radionuclides used in this study, their decay energies and also the probability of gamma ray emission with the uncertainty in parentheses. 
where A is the radionuclide activity in Bq.kg -1 ; A0 is the initial activity to the default; and, λ is the decay constant of the radionuclide in the standard. After counting acquisitions, the specific activities were determined with Equation 2 [9; 4; 10]:
where, Cliquid,k is net count of the total area of the k-th photo peak of the radionuclide; єk is the efficiency of the detector related to the k-th radionuclide (obtained by the efficiency curve with the standard); t is the counting time (s); Iy,k is the gamma emission probability of the k-th radionuclide considered; mk is the mass of the sample (kg). When the radionuclide of interest has two (2) or more gamma-rays, the final activity of the radionuclide is obtained as the weighted average of these energies.
Aerogammaspectrometry
Radionuclides of the natural series of sediment. This is due to the chemical and physical weathering that takes place during the formation and transformation of the rocks. In addition, the different elements produced in the radioactive chain have different solubility states and ultimately they are found in different equilibrium states.
Because of these factors, the ratio among these radionuclides can be used to identify/differentiate geological formations [11] . [12] . Factors responsible for rock and sediment composition change depending on several physical and chemical weathering processes associated with wind, temperature gradients, surface oxidation and water percolation. The surface of mineral contact grains undergoes oxidation in contact with air and forms complexes in interstitial waters. These different forms of weathering combine to produce a spatial redistribution of radionuclides [13] .
The Aerial Geophysics surveys, and in particular the mapping of aerogammaspectrometry, consist of a tool that makes it possible to determine, at high spatial resolution, the current state of radionuclide distribution. This allows inference of the environmental dose. In order to have a better view of the regional environmental dosimetry and investigate the validity of our dose models used, Figure 2 summarizes the geological map of the region, the dose mapping and the delta of the Doce River indicating the sampling points according to 
Statistical analysis
One of the important issues of this work is to compare the radiation levels of sediment samples to the periods before and after the rupture of the dam and to assess the radiological impact of the event at the study site. For the comparison of the samples' results, we used a hypothesis test, Student-t, for equality of means -assuming that data populations have unequal variances, as the samples (before and after) are of different characteristics, one being the natural river sediment and the second a highly contaminated sediment, that is, a mix of river material and mining tailings. For the comparison between the environment inferred from measured samples before and after, in the laboratory for 232 Th, 238 U and 40K, and those inferred by aerogammaspectrometry, considering the fact of lognormal distribution behavior of the data survey. Here we have conducted a KolmogorovSmirnov test to investigate the normality of the database. So, we built a confidence interval of 95%
and compared with the doses obtained from the samples. We have used the approach proposed by Zhou and Gao [14] to build the lognormal confidence interval. From Figure 2C , the dose survey corresponded to 127,686 data points (each one corresponding to the pixels of the image). The data was classified and then we calculated the classified mean. We performed a transformation of the In this manner, we obtain the range 3.392 to 3.698. Performing the anti-logarithm of the defined variable as above we found 3.392 = 29.7 nGy.h -1 and 3.698 nGy.h -1 = 40.4, respectively.
External gamma radiation dose
The external gamma dose rate was calculated to the air, at 1 m above ground, and was estimated 
Activity concentration of Ra-equivalent (Raeq )
An important parameter in environmental dosimetry or on radiological risk assessment is the radium equivalent activity (Raeq). It can be calculated by Equation 5 and is based on the direct measurement of 226 Ra without using any short-lived decay product of uranium radioactive series:
where, ARa, ATh and AK are the activities of 226 Ra, 232 Th and 40 K, respectively [17] .
External Radiological Risk Index
The external radiological risk index is based on the premise that 370 Bq. 
Internal Radiological Risk Index
Another index used here is the internal radiological risk, defined similarly to external radiological risk, and described by the model Equation 7 . If the maximum activity of 226 Ra is half the acceptable limit, the Hinternal, will be lower than the unit.
Annual Effective Dose Equivalent
To estimate the annual effective dose, we should consider the absorbed dose conversion factor to the effective dose and the external occupancy factor, Equation 8. We will use the dose rate achieved for concentrations of natural radionuclides in sediments of the Doce River, adopting the conversion factor of 0.7 Sv.Gy -1 [16] of the absorbed dose in air to the effective dose received by adults and we will consider that a person passes, on average, 20% of the time away from home. The annual effective dose equivalent was calculated from equation [22] :
The occupational factor presented here is related to the estuarine area where the doses were calculated. The dose estimation is not valid for the entire affected river -for example, the river course where the population is agriculturally habit. For the estuarine area, the external exposure to the sediment containing taillings should only occur in the dry season when the river level reaches its minimum point, exposing its margins allowing transit, fishing and other activities. We adopted an occupational factor of 5 hours/day, 365 days/year, on average, as reasonably acceptable [23] .
Gonads Annual Dose Equivalent
This parameter is a measure of genetic implication of the Annual Dose Equivalent in relation to the body with greater weight in human radiossensibility (gonads). The annual dose equivalent in these conditions to the gonads (AGDE) was calculated using the following formulation [22; 24] :
RESULTS AND DISCUSSION
The results of the activity concentrations with gamma spectrometry were achieved in this study for conditions before and after the presence of tailings in the estuary of Doce River. Based on the statistical methods presented in item 3.4, specific activities for 228 Ra and 226 Ra showed statistically significant differences at a 95% confidence level, indicating increased values in environmental concentrations, in the case of On average, the concentrations after the breaking of the dam had increased 30% and 60% for the 226 Ra, 228 Ra, respectively. For 40 K, the reduction was 17%. The result for the "before" condition reflects the fluvial sediments in natural conditions, while for the "after" there was influence of the geological portions of the source area of the tailings, characterized by granites and gneisses. The result suggests that there was a significant transport of radionuclides contained in the waste.
However, it is noteworthy that these results can be considered as relatively low compared to the [16] . Table 4 shows a comparison of this work with values of sediments found in other locations.
It is known that the transport of radionuclides from rivers to estuaries and their partitioning between dissolved and particulate phases are complex mechanisms and depend on interactions the physical, chemical and biological factors that occur in the aquatic environment. Anthropogenic inputs can also affect the distribution of radionuclides in this type of environment. Thus, a high variability in radionuclide activity in estuarine sediments is expected, as shown in the literature and synthesized in Table 4 . From the extreme large sediment input during the "after" condition, it is absolutely true to declare that this value does not represent any possible natural variability condition for the sedimentary load. An illustration is depicted in Figure 4 , two satellite images at a site near the estuary, where the river condition before and after the tailing apportionment is shown side by side. Also, a change was made to the texture of samples "before" and "after" in order to contrast a part of the natural regime of sedimentary variability. The samples "after" are reddish as opposed to the typical brown-to-green colors of the "before" samples. From a global perspective, the increase for 238 U, in From the activities of radionuclides in Table 3 , it was possible to make estimates of radiological parameters which are summarized in Table 5 . The confidence interval for the absorbed dose determined by the aerogammaspectrometry, Through these results, it can be observed that the doses for before and after the accident are below the internationally recommended dose rate of 55 nGy.h -1 [39] . The results for the annual effective dose equivalent were of 36.91 and 47.08 µSv.y -1 for before and after, respectively, while the world average is 70 µSv.y -1 [16] .
The radium equivalent activities before and after were both values below the safety limit recommended (370 Bq.kg -1 ). This means that the external gamma dose rate of this study is at least 30% lower than that published [17] . 
CONCLUSION
This study evaluated the activity concentrations of 232 Th, 226 Ra and 40 K for 11 sediment samples collected in the Doce River estuary, in conditions before and after the arrival of Samarco S.A.
mining waste. Mean concentrations of these radionuclides, despite the increase approximately 50% during after condition, are within ranges of activity reported in current literature. Our data of absorbed dose obtained from sediment samples were comparable to those estimated by aerogammaspectrometry, which reinforce the ability of the aerogamma surveys to map the natural radioactivity levels.
For "before"and "after"conditions, the values obtained for Ḋ varied from 30.1 to 38.4 nGy.h -1 , while H external were of 0.17 to 0.22, and H internal ranged of 0.21 to 0.28, respectively. Hinternal is used for calculus due to inhalation of radon and toronium in homes. Its use would not make sense for an outdoor environment. Due to the possibility of the use of sediments and sand as building material for residences, the calculation of this index may be an estimator for the risk arising from the inhalation of radon and toronium by the locals. However, considering that the population inhabits the region only during the dry season, the occupation factor would decrease from 365 days / year to 152 days / year. Thus, the calculated doses would be reduced by a factor of 5/12 of the presented value.
The dose equivalent annual gonads (AGDE) were of 206.4 and 259.0 µSv.a -1 . Considering the world average of 300 µSv.a -1 , the post disaster condition is slightly lower than the world average but cannot be neglected. Anyway all parameters are below of the reference levels.
The annual effective dose equivalent considering the conditions for before (36.9 µSv.a -1 ) and after (47.1 µSv.a -1 ) are lower than the world average (70 µSv.a -1 ) and the associated risk to health is not significant. This does not rule out the importance of other routes of contamination, and corresponding doses and risks, which must be investigated and were not the focus of this contribution. Therefore, the values estimated in this paper can be used as baseline for future investigations.
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